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ABSTRACT 
 
The use of CO2 as a natural refrigerant in data center cooling, oil recovery and in CO2 capture 
and storage which is gaining traction in recent years involves heat transfer between CO2 and the 
base fluid. A need arises to improve the thermal conductivity of CO2 to increase the process 
efficiency and reduce cost. One way to improve the thermal conductivity is through nanoparticle 
addition in the base fluid. The nanofluid in this study consists of copper (Cu) nanoparticle and 
CO2 as a base fluid. No experimental data is available on the thermal conductivity of CO2 based 
nanofluid. In this study, the effect of the formation of a nanolayer (or molecular layering) at the 
gas-solid interface on thermal conductivity is investigated using equilibrium molecular dynamics 
(EMD) simulations.  This study also investigates the diameter effect of nanoparticle on the 
nanolayer, thermal conductivity and self-diffusion coefficient. In addition to this, diffusion 
coefficients are calculated for base fluid and nanofluid. Thickness of the dense semi-solid layer 
formed at the nanoparticle-gas interface is studied through radial distribution function (RDF) and 
density distribution around the nanoparticle. This thickness is found to increase with nanoparticle 
diameter. Enhancement in thermal conductivity and diffusion coefficient with nanoparticle 
diameter are strongly correlated, indicating that the dominant modes of heat and mass transfer 
are the same. The output of the current work demonstrates the enhancement in thermal 
conductivity due to nanoparticles addition which may improve data center cooling efficiency and 
CO2 capture and storing. 
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 Nomenclature 
 

pot    
ential 
LJ potential, (J) 
  Interaction strength, (J) 
  Interatomic length scale between atoms, (m) 
 r Distance between two atoms, (m) 
 E Total energy of an atom, (J) 
 F Embedding energy (function of electron density) 
 U Pair potential interaction, (J)   
 m Mass of the particle     
  Electron charge density, (kg/m3) 
 kB                Boltzmann's constant, (J/K) 
  N Total number of atoms 
 T Thermodynamic temperature, (K) 
 V Volume, (m3) 
 J Instantaneous microscopic heat flux, (W/m2) 
 f Interaction between particles ruled by potential 
 v velocity of particle, (m/s) 
 e Surplus energy, (J)      
  k Thermal conductivity (W/m-K) 
 
Subscripts       
i, j denotes atoms 
α, β       denotes different types of atom    
 
 
 
 
1. INTRODUCTION:  
Global warming caused by the CO2 emission from various sources has been a serious 
concern these days. CO2 has a significant repercussion on the climate and is therefore 
extensively studied. Several efforts are being made to reduce carbon dioxide emission into the 
atmosphere by different techniques such as capture and sequestration [1, 2]. CO2 capture and 
geological storage are considered to be feasible options to pacify and reduce greenhouse gas 
emissions during the transition phase towards the use of renewable energy. For this, the 
prognostication of thermal conductivity of CO2 is of prime relevance in the process of capture, 
transport, and injection of CO2. Further, as the drift towards environmentally tender refrigerants 
continues, the performance and cost analysis of CO2 as a natural refrigerant has drawn the 
attention of many researchers across the globe. According to Y. Solemdal et al. [3], CO2 systems 
result in reduced energy consumption in the referred system, which in turn results in improved 
system performance and reduced annual cost. 
 
Nanofluids are defined as fluids with suspensions of nanoparticles. In comparison to the 
base fluids, these are potential heat transfer fluids which, even at very low concentrations, have 
exhibited an exceptional increase in thermal conductivities. For example, thermal conductivity of 
Al2O3-water nanofluid was increased by 10% [4] and 30% [5] with diameters of 13 nm and 40 
nm respectively at the same particle volume fraction of 4.3%, and up to 40% increase if the Cu 
particles of 10 nm at a much lower concentration of 0.3% were dispersed in water [6]. Even 
more interesting is the finding that there is up to 150% thermal conductivity enhancement in a 
suspension of 1.0 vol. % multiwalled CNTs in oil [7]. Till date, numerous studies have been 
done on determining the thermal conductivity of nanofluids. Furthermore, Jang and Choi [8] 
proposed four mechanisms of energy transport in nanofluids: (a) base fluid molecules 
interactions, (b) thermal diffusion of nanoparticles in base fluid, (c) Brownian motion of 
nanoparticles and (d) thermal interactions of nanoparticles with base fluid molecules. Ren et al. 
[9] proposed a collateral model describing the heat transfer mechanism in nanofluid by adding a 
nanolayer effect on thermal conductivity. The motion of the nanoparticle enhances the overall 
heat transport by micro-convection in the suspended fluid. Prasher et al. [10] captured the 
aggregation effect in addition to Brownian induced convection for the enhancement. Such 
behavior and physical phenomenon makes nanofluids a potential candidate to enhance the heat 
transfer properties. Lee et al. [11] studied the effect of particle size on Cu-liquid argon based 
nanofluid with different volume fraction and found out that there is reduction in thermal 
conductivity enhancement with decrease in nanoparticle diameter. Artificial correlations which 
arise from single nanoparticle systems and periodic boundary conditions result in very high 
values of thermal conductivities as suggested by MG Muraleedharan et al. [12]. This can be 
mitigated by considering a multi-nanoparticle system with smaller diameter or single-
nanoparticle system with larger nanoparticle 
 
Extensive research manifests the adverse effect of nanoparticle exposure on human health 
[13]. But in this study, the use of gas based nanofluids is in space application, in nuclear power 
plants and as a refrigerant in data center cooling where the system is closed. So, these 
nanoparticles suspended in gas are not exposed to the environment and hence do not affect 
human health. 
 
To the best of the author’s knowledge, thermal conductivity of nanofluid in gas phase is 
not reported in open literature so far. Several studies have been done broadly on the diffusion of 
nanoparticles and transport of nanoparticles in gases which proves the presence of nanoparticle 
in the gaseous phase [14-17]. In this work, molecular dynamics (MD) simulation is performed 
using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [18] to study the 
effect of nanolayer and Brownian motion on the enhancement of thermal conductivity of novel 
Cu-CO2 nanofluids. To study the diameter effect on the thermal conductivity of the nanofluid, 
nanoparticles having 1 nm, 2 nm and 3nm diameters are considered, keeping the volume fraction 
constant at 1.413%.  This study predicts the presence of nanolayer in the gaseous phase and can 
be considered as one of the reasons for enhanced thermal conductivity, while the other reason 
being the augmented self-diffusion coefficient of gas molecules in the nanofluid.  
 
2.SIMULATION SETUP AND METHODOLOGY: 
Molecular dynamics (MD) simulation is being increasingly adopted as a tool to perform 
preliminary assessments of nanoparticle (NP) fluid interactions and determining thermal, 
mechanical and other properties of interest. The potential interaction between the atoms is 
calculated through potential energy function which further estimates the force acting on them. 
This potential energy function depends on the position of individual atoms present in the 
simulation domain and is composed of bonded and non-bonded energy interactions. The bonded 
interaction includes energy stored due to the bond-stretching, angle of bending. The non-bonded 
interactions are evaluated from the Van der Waals and the electrostatic interactions (eg. 
Coulombic) are calculated using the Particle Mesh Ewald method [19]. 
In the present work, gaseous CO2 with a suspension of Cu nanoparticle is modeled using 
LAMMPS. The CO2 molecules are represented by the conventional EPM2 model [20] as it 
predicts thermodynamic properties better. The LJ potential [20] is used for interatomic 
interaction between different atoms, which is given by: 
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The cutoff radius of ̴ 4 O O   
is chosen because thermal conductivity is almost independent after 
this distance. For EPM2 CO2, the LJ potential parameters are shown in Table 1. 
 
Table 1. LJ parameters used for carbon-carbon and oxygen oxygen interaction 
 
O O   O O   C C   C C   
3.03 Å 80.507 K 2.757 Å 28.13 K 
 
 
The Lorentz Berthelot mixing rule [18] is used to compute the interaction between different 
types of atoms i and j, which is given by:       
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For interactions between Cu atoms, EAM potential is used [18]. In EAM potential, the potential 
energy of an atom, i, is given by: 
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Molecular dynamics simulations are performed in the canonical ensemble (NVT) and visualized 
by Visual Molecular Dynamic (VMD) [21]. To validate the simulation method with 
experimental data, we calculated the thermal conductivity of base fluid, i.e. gaseous CO2 at 
T=300K and ρ = 186kg/m3 through Green- Kubo formalism, which gave a validation error of 
2.8%. The Nose–Hoover thermostat was used for maintaining the constant temperature 
conditions of the whole system. Spherical region is carved out by inserting Cu nanoparticle in 
three different configurations. Figure 1 shows the simulation box of 2 nm nanoparticle with 755 
molecules and the other configurations details are shown in the Table 2. 
 
Table 2. Details of other configurations used to perform the simulations. 
 
NP 
diameter 
(nm) 
Box 
dimension 
(Å) 
Number of 
molecules 
Volume 
Fraction  
(%) 
 
1  
 
33.33  
 
100 
 
1.413 
2  66.66  755 1.413 
3  100     2510 1.413 
 
The size of the simulation domain having periodic boundary conditions in all the three 
directions is varied from 33.33 Å to 100 Å to have constant bulk density of gaseous CO2 (186 
kg/m3) and constant volume fraction of 1.413% for all configurations. The two phases (i.e. gas 
and solid) present in the domain are grouped separately. Minimization is done to remove close 
contacts and thus avoid high potential energy collisions. Sufficient time steps were performed for 
the equilibration process to achieve equilibrium state separately for each of the individual 
grouped systems while the other was kept immobile, under the micro-canonical ensemble (NVE) 
and Langevin thermostat. The canonical ensemble is used for the whole system before switching 
to NPT. The pressure and temperature is fixed at 1atm and 300 K, respectively. Then, fluctuation 
of autocorrelations is performed under the micro-canonical ensemble (NVE) for data 
computation to calculate thermal conductivity for each nanofluid system. The same procedure 
was followed for all the three systems. Newton’s equations of motion were integrated using the 
velocity Verlet algorithm [22] with a sufficient time step. 
 Figure 1: Cross sectional view of the Cu-CO2 nanofluid with 2 nm diameter under investigation. 
 
 
The mean square displacement (MSD) is calculated for gas molecules and solid 
nanoparticles using the atoms position at different intervals of time. The distance moved by an 
atom/molecule is measured using MSD, which is defined as: 
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where, ( )ir t

is the position of ith atom at time t and ( ( ) (0)i ir t r
 
 ) is the displacement of ith atom, 
over a time interval t. An estimate of the number of colliding atoms in the simulation is 
determined by MSD. 
 
MD method relates the thermal conductivity of fluid to equilibrium heat flow 
autocorrelation function through Green-Kubo equation [23], which is written as: 
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and J is the instantaneous microscopic heat flux vector given by: 
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and ej represents surplus energy of the atom j, which is calculated by: 
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where vj is the j
th particle velocity, hα is the average partial enthalpy of species α, Fij and rij are 
the interatomic forces and distance between ith and jth particles, respectively, Nα is the number of 
particles of kind α and N is the total number of particles. Average partial enthalpy is the sum of 
average kinetic energy, potential energy and interaction potential term, which is given by: 
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To calculate thermal conductivity of multicomponent system, hα is an important factor to 
consider [24]. In a pure fluid, hα is always zero for a single-component system due to the zero-
average velocity, but it is non-zero for multi-component systems. The total energy flux is the 
sum of energy transfer due to mass flow, boundary (pressure) work, and heat conduction. Since 
the objective is to calculate thermal conductivity, only conduction energy flux should be 
considered. Hence, the term containing hα should be subtracted from equation (6) to avoid 
anomalous high thermal conductivity in multi-component systems.        
 
3. RESULTS AND DISCUSSION: 
 
3.1 Density Distribution: 
 
The nanolayer surrounding the nanoparticle shown in Figure 2 can be considered as a 
region having higher density than the bulk fluid density. The thickness of the nanolayer can be 
estimated by analyzing the density distribution of CO2 molecules within the domain. For this, the 
computational domain is divided into several spherical bins and average density of CO2 
molecules in each bin is plotted as shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Schematic of the Cu nanoparticle and nanolayer formation around the nanoparticle  
 
                                                   
   (a)         (b)                                                                                                                                                             
                                                                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
                                      
 
                                          (c) 
Figure 3: (a), (b) and (c) show the density distribution of CO2 for 1nm, 2nm and 3nm nanoparticle diameter. 
 
Figure 3 shows that near the nanoparticle, the density of CO2 is highest when compared 
to the bulk density. Based on the density distribution of CO2 molecules, highest thickness of 
nanolayer is observed for 3 nm diameter nanoparticle and lowest for 1 nm diameter nanoparticle. 
Therefore, thickness of the nanolayer can be considered to be a function of nanoparticle 
diameter. Table 3 shows the semi-solid nanolayer thickness for different nanoparticle diameter. 
Also, the thickness of the nanolayer remains approximately the same with time for all 
nanoparticles. This justifies the movement of the nanolayer along with Brownian motion of the 
nanoparticle. The same is visualized in VMD and a similar observation was also reported by Li 
et al. [25]. 
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 Table 3. Nanolayer thickness values for different nanoparticle diameter 
                                                                           
NP diameter 
(nm) 
Nanolayer thickness 
(nm) 
 
1  
 
0.4  
2  0.7  
3  1     
 
 3.2 Radial distribution function:           
The radial distribution function (RDF) for a solid–gas interface with different 
nanoparticle diameters is shown in Figure 4. The addition of nanoparticle changed the structure 
of the gas near the interface to a denser form as compared to the RDF of bulk gas. From Figure 
4, the nanolayer surrounding 3 nm particle is denser than that of 2 nm and 1 nm particles. Among 
the three configurations studied, the number of CO2 molecules interacting with the nanoparticle 
is higher for larger particle diameter. This supports the variation in the peak density observed for 
different diameter nanoparticles as shown in Figure 3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: RDF for bulk gas (d=0) and nanofluids with particle diameters of 1nm, 2nm and 3nm as a function of 
radial distance from nanoparticle. 
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3.3 Mean square displacement (MSD): 
 
  The MSD of CO2 gas molecules in nanofluid and the MSD of nanoparticles are 
calculated and compared with the MSD of the base fluid (i.e. CO2 gas) as shown in Figure 5. As 
depicted from Figure 5, Brownian motion of the nanoparticles is less and hence, it can be 
assumed that they are slow in transporting heat. It is observed that the MSD of gas molecules in 
nanofluid is higher compared to the base fluid. The non-bonded interactions between CO2 
molecules present in the nanolayer and the bulk fluid increases with nanoparticle diameter due to 
more CO2 molecules in the nanolayer. Hence, it is observed that there is an increase in MSD for 
a nanofluid having larger particle diameter. This increased movement of the gas molecules 
creates localized nano-convection. 
 
The Einstein’s relation [26] is used to calculate the self-diffusion coefficient (D) which is 
given as: 
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Using equation 10, the self-diffusion coefficient of the base fluid, and gas molecules in different 
nanofluid is calculated and compared with the diffusion coefficient of pure CO2 gas as shown in 
Figure 7. It is observed that for nanofluids, the self-diffusion coefficient increases almost linearly 
with increase in particle diameter. These findings are in good agreement with the Ar-Cu 
nanofluid results shown by Sarkar and Selvam [26].  
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Figure 5: (a), (b) and (c) compares the MSD of 1nm, 2nm and 3nm solid particles, MSD of base fluid and MSD of 
nanofluid containing 1nm, 2nm and 3nm particles. (d) compares the MSD of 1nm, 2nm and 3nm diameter. (e) 
compares the MSD of the base fluid and the nanofluid with different diameters. 
 
 
The thermal conductivity of nanofluid is calculated via Green-Kubo theory with different 
nanoparticle loadings by keeping a constant volume fraction of 1.413%. Accuracy of the 
computed thermal conductivities is determined by observing the convergence of thermal 
conductivities with time. Figure 6 shows the converged thermal conductivity value for different 
nanofluid systems. From Figure 7, it is obvious that the thermal conductivity of liquid in 
nanofluid is higher than that of base fluid and it has an increasing trend with the increase in 
nanoparticle diameter. The solid’s contribution (Cu in this study) to nanofluid’s thermal 
conductivity is negligible, no matter how high the thermal conductivity of solid nanoparticle 
[23]. It is the lattice thermal conductivity, not the electronic thermal conductivity, which 
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enhances the nanofluid thermal conductivity as there is vibrational transportation of heat between 
nanoparticle and base fluid. The thicker and denser the nanolayer, enhancement in the thermal 
conductivity is more significant. The increase in thermal conductivity is due to the increase in 
localized nano-convection and presence of nanolayer in our current nanofluid system. Figure 7 
shows a linear correlation between the thermal conductivity and diffusion coefficient 
enhancement. 
 
 
 
     Figure 6: Convergence plot of thermal conductivity for base fluid and different nanoparticle diameter nanofluid 
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               Figure 7:  Self- Diffusion coefficient and thermal conductivity variation with nanoparticle diameter 
 
 
CONCLUSION: 
MD simulations were performed to study the diameter effect on the thermal conductivity 
with constant volume fraction of 1.413% using Green Kubo formalism. A dense layer of CO2 
molecules around the nanoparticle is visualized by VMD and its thickness in three different cases 
is calculated. Density distribution around the nanoparticle is done to determine the nanolayer 
thickness. The nanolayer thickness for 1 nm, 2 nm, and 3 nm particle diameter systems are 0.4 
nm, 0.7 nm, and 1 nm respectively. It is also seen that the effect of the nanoparticle is very low at 
a distance further away from it. The density of the system is same as bulk density of gaseous 
CO2 (186 kg/m
3). The radial distribution function (RDF) for a solid–gas interface with different 
nanoparticle diameters is compared with the RDF of bulk gas and it is shown that the bulk 
structure of the gas changed with the addition of nanoparticle and it apparently became denser 
near the nanoparticle. MSD analysis shows that the presence of Cu particle leads to an increased 
motion of the gas molecules and hence, enhanced the self-diffusion coefficient of gas molecules 
in the nanofluid. The thermal conductivity enhancement of the nanofluid is 22%, 39%, and 68% 
for 1 nm, 2 nm, and 3nm diameter, respectively.  The enhancement can be attributed to the 
localized nano-convection and nanolayer formation. Hence, gas-based nanofluids are like liquid-
based nanofluids, which have the potential to increase the thermal conductivity of the base gas 
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and therefore, enhance the heat transfer performance of the gas. Improved heat transfer 
performance of gas coolants can have a significant impact on the performance and safety of gas-
cooled nuclear power reactors, in space applications, as a refrigerant in data center cooling, as 
well as, in many other technologies. 
 
 
REFERENCES: 
 
[1] P. Bernardo, E. Drioli, and G. Golemme, “Membrane Gas Separation: A Review/State of the Art”, Ind. Eng. 
Chem. Res. 48, 4638 (2009). 
 
[2] H. Yang, Z. Xu, M. Fan, R. Gupta, R. B. Slimane, A. E. Bland, and I. Wright, “Progress in carbon dioxide 
separation and capture: a review” J. Environ. Sci. 20, 14 (2008). 
 
[3] Y. Solemdal, T.M. Eikevik, I. Tolstorebrov, O. J.Veiby, CO2 as a refrigerant for cooling of data-center: a case 
study, Refrigeration Science and Technology Proceedings (2015). 
 
[4] H. Masuda, A. Ebata, K. Teramae, and N. Hishinuma, Alternation of Thermal Conductivity and Viscosity of 
Liquid by Dispersing Ultra Fine Particles (Dispersion of Al2O3, SiO2 and TiO2 Ultra-Fine Particles), Netsu 
Bussei, (Japan) (1993), Vol. 7, p. 227. 
 
[5] S. Lee, S. U. S. Choi, S. Li, and J. A. Eastman, “Measuring Thermal Conductivity of Fluids Containing Oxide 
Nanoparticles”, ASME J. of HeatTransfer 121, 280 (1999). 
 
[6] J.A.Eastman, S.U.S.Choi, S.Li, W.Yu, and L.J. Thompson, “Anomalously increased effective thermal 
conductivities of ethylene glycol-based nanofluids containing copper nanoparticles”, Appl. Phys. Lett. 78, 718 
(2001) 
 
[7] .S.U.S.Choi, Z.G.Zhang, W.Yu, F.E.Lockwood, and E.A.Grulke, “Anomalous Thermal Conductivity 
Enhancement in Nanotube Suspensions”, Appl. Phys. Lett., vol. 79, pp. 2252–2254, 2001. 
 
[8] S. Jang and S. U. S. Choi, “Role of Brownian motion in the enhanced thermal conductivity of nanofluids”, 
Appl. Phys. Lett. 84, 4316 (2004). 
 
[9] Y. Ren, H. Xie, and A. Cai, “Effective thermal conductivity of nanofluids containing spherical nanoparticles”, 
J. Phys. D: Appl. Phys. 38, 3958 (2005). 
 
[10]  R. Prasher, P. Phelan, and P. Bhattacharya, “Effect of aggregation kinetics on the thermal conductivity of 
nanoscale colloidal solutions (nanofluid)”, Nano Lett. 6, 1529 (2006). 
 
[11]  S. L. Lee, R. Saidur, M. F. M. Sabri & T. K. Min. Effects of the particle size and temperature on the efficiency 
of nanofluids using molecular dynamic simulation, Numerical Heat Transfer, Part A: Applications Vol. 69 
(2016), Iss. 9,2016. 
 
[12]  Muraleedharan MG, Sundaram DS, Henry A, Yang V, “Thermal conductivity calculation of nano-suspensions 
using Green-Kubo relations with reduced artificial correlations”, J. Phys.: Condens. Matter 29 155302 (2017). 
 [13] Stolzel, M., Breitner, S., Cyrys, J., Pitz, M., Wolke, G., Kreyling, W., Heinrich, J., Wichmann, H.E.  & Peters, 
A. (2007). Daily mortality and particulate matter in differnet size classes in Erfurt, Germany. Journal of 
Exposure Science and Environment Epidemiology, Vol. 17, No. 5, (August 2007), pp. 458-467, ISSN 1559-
0631. 
 
[14]  V.Y. Rudyak, S.L. Krasnolutskii, on kinetic theory of diffusion of nanoparticles in a rarefied gas. Atm. Oceanic 
Opt. 16(5–6), 468–471 (2003). 
 
[15]  V.Y. Rudyak, A.A. Belkin, S.L. Krasnolutskii, Statistical theory of nanoparticle transport processes in gases 
and liquids. Thermophys. Aeromech. 12(4), 506–516 (2005). 
 
[16]  Rudyak, V. Ya. and Belkin, A. A., Andreas and Shokuhfar, Ali, Transport Processes of Nanoparticles in Gases 
and Liquids. Springer Berlin Heidelberg, 135-138 (2013). 
 
[17]  Rudyak, Valery Ya., Aliofkhazraei, Mahmood, Diffusion of Nanoparticles in Gases and Liquids. Handbook of 
Nanoparticles, Springer International Publishing, 1-21 (2015) 
  
[18]  S. Plimpton Lammps-Large-Scale Atomic/Molecular Massively Parallel Simulator, 2007. Available from: 
http:// lammps.sandia.gov/. 
 
[19]  T. Darden, D. York, L. Pedersen, “Particle mesh Ewald: An N⋅log(N) method for Ewald sums in large 
systems”, J. Chem. Phys. 98 (1993) 10089. 
 
[20]  J.G. Harris, K.H. Yung, “Carbon Dioxide's Liquid-Vapor Coexistence Curve and Critical Properties as 
Predicted by a Simple Molecular Model”, J. Phys. Chem. 99 (1995) 12021. 
 
[21] W. Humphrey, A. Dalke, and K. Schulten, Vmd: “Visual Molecular Dynamics”, J. Mol. Graphics, vol. 14, pp. 
33–38, 1996. 
 
[22]  L. Verlet, “Computer "Experiments" on Classical Fluids. I. Thermodynamical Properties of Lennard, -Jones 
Molecules”, Physical Review, Vol-159, pp. 98-103, 1967. 
 
[23]  Nan Wang, Lin Shi, Jun Chen and Haifeng Jiang. Nanofluid’s Thermal Conductivity Enhancement 
Investigation by Equilibrium Molecular Dynamics Simulation. IACSIT Press, vol.33 (2012).  
 
[24]  H. Babaei, P. Keblinski, and J. M. Khodadadi, Equilibrium molecular dynamics determination of thermal 
conductivity for multi-component systems, Journal of Applied Physics, 112, 054310 (2012). 
 
[25]  Ling Li, Yuwen Zhang, Hongbin Ma and Mo Yang. Molecular Dynamics simulation of effect of liquid layering 
around the nanoparticle on the enhanced thermal conductivity of nanofluids, J Nanopart Res, vol. 12 
(2010), Issue 3, pp 811–821. 
 
[26]  Suranjan Sarkar and R. Panneer Selvam. “Molecular dynamics simulation of effective thermal conductivity and 
study of enhanced thermal transport mechanism in nanofluids”, J. Appl. Phys. 102, 074302 (2007). 
 
